The number and prevalence of coral diseases/syndromes are increasing worldwide.
Introduction
Dark Spots Syndrome (DSS) is one of the most wide-spread and prevalent coral diseases/syndromes reported across the entire Caribbean region [1] . It was first documented as a discolouration of healthy coral tissues on Colombian reefs in 1990 [2] , and has now been shown to occur throughout all areas of the Caribbean [3, 4] . DSS is known to primarily affect three species of hermatypic coral: Stephanocoenia intersepta, Siderastrea siderea and Montastraea annularis [5] , although visual signs are different among these species (see . [6] showed that within the Florida Keys 71.2% of corals surveyed showing signs of disease were infected by DSS, highlighting that it is one of the most commonly occurring diseases in the region. Furthermore, [7] suggested that the disease may in fact affect many other species of coral further highlighting the importance of this syndrome in coral ecology and population biology. Interestingly, [5] highlighted significant differences in the morphology of the circular spots associated with these different coral species, and suggested that DSS might actually encompass more than one disease showing similar signs [1, 8, 9] .
As the name suggests the disease characteristically manifests as dark spots on the coral surface which occur in a range of colours including brown, purple and black [5, 10, 11] . These lesions become depressed and tissue loss often follows. The exposed skeleton subsequently gets colonised by algae and/or boring sponges [12] . Although the visual signs of DSS can be seen on most Caribbean reefs, the aetiology of DSS, like many other coral diseases, still remains unknown and only a few studies have attempted to identify a specific pathogen; nonetheless both fungi [13] and bacteria [9] have been implied as potential causal agents to date. Characteristically, the Symbiodinium found in DSS lesions are swollen and darker in pigment in comparison to their natural healthy state with changes observed in their mitotic indices [5] . This led [5] to suggest that DSS is a pathology that acts primarily on the symbionts and secondarily on the coral host. In contrast, [10] argued that DSS is not a true disease but a disruption of the corals Symbiodinium due to a particular stress response such as increases in temperature and/or an immune response of the coral caused by irritation from boring organisms such as the sponge Cliona delitrix or Siphonodictyon coralliphagu.
From the analysis of histological sections of healthy tissues and DSS lesions affecting S. siderea, [13] found a fungus morphologically similar to Aspergillus sydowii, a microorganism that has been linked to Aspergillosis in sea fans [14, 15] . [13] also suggested that a digestive enzyme is being utilized by the coral as a defensive response to endolithic cellular invasion. In the same study, they highlighted cellular degradation and skeletal irregularities with the disease lesion, as well as a low abundance of Symbiodinium, many of which were abnormal with disruption of organelles [13] . In contrast to these studies, a bacterium similar to Vibrio carchariae, a pathogen previously linked to White Band Disease [16] , has also be found to be unique to diseased samples and suggested as a potential bacterial causal agent of this coral syndrome, however [9] only utilised culture dependant techniques to analyse the bacterial communities associated with this syndrome, a technique which has been shown to largely underestimate the true microbial assemblages [17, 18] . To date there has been no culture independent studies on the microbial communities associated with Dark Spot and a simultaneous comparison with healthy samples of the same coral species. Previous studies have also ignored specific features of DSS with regard to sampling and analysis, such as the size of the lesions. Corals with DSS infections have multiple lesions which progress approximately 3 mm per month [10] . Therefore, it may be argued that lesion size could be a good indicator of age of infection, and therefore provide information about temporal changes of microbial assemblages as the pathology progresses. As a first step towards understanding causation of the field signs associated with DSS, this study provides a comprehensive, culture independent molecular analysis of both bacterial and fungal communities associated with the disease on the dominant reef coral Stephanocoenia intersepta. Furthermore we analysed the microbial communities associated with three different sized disease lesions of Dark Spot (small lesions: 1-2 cm in diameter, medium lesions: 5-10 cm and large lesions: .10 cm) for which we are inferring as an indication to infection age.
Materials and Methods

Sample collection
The samples consisted of 5 cm 2 tissues comprising of healthy tissue from a coral showing no signs of DSS (H; n = 5), apparently healthy tissue .5 cm from the lesion interface on a coral showing signs of DSS (AH; n = 5), and the disease lesion itself for small (S-DL; n = 5), medium (M-DL; n = 5) and large (L-DL; n = 5) spot sizes (Fig. 1) . These samples were collected using a sterile hammer and chisel from randomly selected colonies of Stephanocoenia intersepta at a depth range of 13-17 m. The samples were collected with permission of the Instituto Nacional de Parques (INPA-QUES) of Venezuela. Surgical gloves were worn to avoid contamination, and the samples were placed in falcon tubes which were sealed before being transferred to the surface and stored on ice before preservation in the laboratory. All samples were preserved in 100% ethanol for DNA extraction and stored at 220uC until extraction.
PCR, DGGE and Clone Libraries
Extraction, PCR and denaturing gradient gel electrophoresis were undertaken as described in [19] . DNA was extracted from all samples using QIAGEN DNeasy Blood and Tissue kits with an added step to concentrate the lysate using a vacuum centrifuge for 4 hours at 24uC. Bacterial 16S rRNA gene diversity was amplified using standard prokaryotic primers; (GC-357F) (59-CGCCCG-CCGCGCGCGGCGGGCGGGGCGGGGGCAGCACGGGG- GGCCTACGGGAGGCAGCAG-39) and (518R) (59-AT-TACCGCGGCTGCTGG-39). Thirty PCR cycles were performed at 94uC for 30 sec, 53uC for 30 sec and 72uC for 1 min, and a final extension at 72uC for 10 min [20] . For fungi, a nested PCR approach was utilised as this allows greater specificity with regard to the fungal primers. Primers targeting the ITS region of fungi were used; ITS1F (59-CTTGGTCATTTAGAGGAAG-TAA-39) and ITS4F (59-TCCTCCGCTTATTGATATGC-39) were run initially following the protocol described by [21] (at 94uC for 5 min; followed by 35 cycles at; 94uC for 30 sec, 55uC for 30 sec, 72uC for 30 sec then elongation at 72uC for 5 min). Then a 1:100 dilution of the PCR product was then used in a further PCR with primers ITS3F (59-GCATCGATGAAGAACGCAGC-39) and ITS4F-GC (59CGCCCGCCGCGCCCCGCGCCCGG-CCCGCCG CCCCCGCCCCTCCTCCGCTTATTGATATG-C-39) [22] . For all of the above reactions, 30 ml PCR mixtures containing 1.5 mM MgCl 2 , 0.2 mM dNTP (PROMEGA), 0.5 mM of each primer, 2.5 Ul of Taq DNA polymerase (QBiogene), incubation buffer and 20 ng of template DNA [23] were carried out on a Hybaid PCR Express thermo cycler. PCR products were verified by agarose gel electrophoresis (1.6% (w/v) agarose) with ethidium bromide staining and visualized using a UV transilluminator.
DGGE was performed using the D-Code universal mutation detection system (Bio-Rad). PCR products were resolved on a 10% (w/v) polyacrylamide gels that contained a 30-60% denaturant gradient for 13 hours at 60uC with a constant voltage of 50 V. Gels were stained as per [24] and visualized using a UV transilluminator. Bands of interest (those which explained the greatest differences/similarities between samples) were excised from DGGE gels, left overnight in Sigma molecular grade water, vacuum-centrifuged, re-amplified with the same original primers, labelled using Big Dye transformation sequence kit (Applied Biosystems) and sent to Genevision (Newcastle University, UK) for sequencing. Operational taxonomic units (OTUs) were defined from DGGE band-matching analysis using Bionumerics 3.5 (Applied Maths BVBA). Standard internal marker lanes were used to allow for gel to gel comparisons. Tolerance and optimization for band matching was set at 1%. PCR.
Clone Libraries and ARDRA screening
Almost-complete 16S rRNA gene fragments were amplified from the DNA extracted using the 'universal' eubacterial 16S rRNA gene primers 27F, (59-AGAGTTTGATCGTGGCTC AG-39) and 1542R, (59-AAGGAGGTGATCCAGCCGCA-39) [25, 26] . Ten PCR cycles were performed at 94uC for 1 min, 55uC for 1 min and 72uC for 3 min followed by a further twenty five cycles at 94uC for 1 min, 53uC for 1 min and 72uC for 3 min with a final extension at 72uC for 10 min. The amplified products were purified using the Qiagen PCR purification kit, inserted into the pGEM-T vector system (Promega) and transformed into Escherichia coli JM109 cells. A total of 392 clones containing the 16S rRNA gene inserts were randomly selected from each sample/replicate, and boiled lysates were prepared from each by mixing a picked clone in 30 ml of TE and boiled for 3 min followed by freezing. Each lysate (1 ml) was amplified using the primers pUCF (59 -CTA AAA CGA CGG CCA GT-39) and pUCR (59 -CAG GAA ACA GCT ATG AC-39). Twenty five PCR cycles were performed at 94uC for 1 min, 55uC for 1 min and 72uC for 1 min with a final extension at 72uC for 10 min. The products were then digested with the restriction enzymes HaeIII and RsaI (Promega). 4 mg of PCR product was used with 2 ml of restriction buffer (10 mM Tris at pH 7.6, 10 mM NaCl and 10 mM MgCl 2 ), 0.002mg of Bovine Serum Albumin (BSA) and 1 unit/mg DNA of each of the two restriction enzymes (which equates to 0.07 ml of HaeIII and 0.1 ml of RsaI). The final volume was made up to 20 ml with sigma water and digested for 2 h at 37uC then 10 min at 67uC. Restriction fragments were resolved by electrophoresis on a 3% agarose gel, visualized using a UV transilluminator and grouped based on restriction patterns. Representatives from each group were sequenced. Closest match of retrieved sequences was determined by RDP II similarity matching [27] . All sequences in this study have been deposited in GenBank and their unique accession numbers reported in the text (KC190223-KC190272).
Statistical Analysis
An analysis of similarity (ANOSIM) was conducted to test differences in 16S rRNA gene bacterial assemblage and ITS rRNA gene fungal assemblages between samples (H, AH, S-DL, M-DL and L-DL). Percentage similarity (SIMPER) was performed to determine which ribotypes better explained differences and/or similarities between sample types. Patterns of the 16S rRNA gene bacterial assemblages were represented on a multidimensional scaling (MDS) plot.
Results
Description of bacterial assemblages
There was a significant difference in 16S rRNA gene bacterial diversity between all sample types, H, AH, S-DL, M-DL and L-DL in both the DGGE (Fig. 2, 3 ) and Clone Libraries (Fig. 4 , Table 1 (Table 1) . Two Vibrio species (GenBank Accession Nos. KC190244 & KC190245) were also detected in all sample types, one of which had a 100% match in the BLAST search to the proposed coral pathogen V. harveyi (EU716714). Some ribotypes were only present in H and AH samples and absent from all disease lesion sizes. These included ribotypes similar to a Burkholderia sp. (KC190268), a Pseudomonas sp. (KC190241), a Parvibaculum sp. (KC190259) and an Ochrobactrum sp. (KC190269) ( Table 1 ). In contrast, three ribotypes; a Photobacterium sp. (KC190243) and two further Vibrio species, one of which was a 100% BLAST match to V. campbellii (NR_029222) dominated all three disease lesion sizes and were absent from H and AH tissues (Table 1) . Only four bacteria were absent from H, increased in AH and were dominant in all the diseased tissues, these included ribotypes related to a Corynebacterium sp. The M-DL and L-DL shared similar bacterial communities (with an average dissimilarity of 47%), whilst a significant difference in the bacterial communities of the S-DL occurred between both the M-DL and the L-DL (average dissimilarity 61% & 53% respectively). The main differences seen between disease lesions were driven by a Delta-proteobacteria (KC190247) that was dominant in S-DL and absent in all other sample types. An alpha-proteobacteria (KC190254) and a Sphingobium sp. (KC190246) were present in the S-DL and the AH tissues but absent in other types and a Pseudomonas sp. (KC190272) was present in H, AH and the S-DL but absent in both the M-DL and L-DL. Only one bacterial ribotype, a Corynebacterium sp. (KC190230) was present in M-DL and L-DL yet absent in the S-DL. Average Bray-Curtis similarities for all tissues sampled (H, AH, TR, S-DL, M-DL and L-DL) were above 80%, further indicating low variability in bacterial assemblages among replicates (Table 2 ). In each of these samples, diverse bacterial assemblages explained up to 80% of the high BC-similarities observed ( Table 2) .
Description of fungal assemblages
There was a significant difference in ITS fungal diversity between H, AH and all sizes of the diseased lesions (ANOSIM, R = 0.897 p = 0.01), but not between the different sizes of lesion (ANOSIM, R = 0.928 p = 0.89). There was a much lower diversity of fungi detected in all sample types when compared to the number of bacterial ribotypes in the same samples. Only four dominant ribotypes were present in all samples; these included a Tritirachium sp. GenBank Accession No. KC521539 (100% match to JF779666), a Cryptococcus GenBank Accession No. KC521540 (100% match to AM748529), a Malasseziales sp. GenBank Accession No. KC521541 (100% match to EU812484) and Aspergillus sydowii GenBank Accession No. KC521542 (100% match to JQ647895). Only one ribotype (KC521543) was found consistently in diseased samples and absent in all other sample types. This ribotype returned a 100% BLAST match to a novel strain of the terrestrial plant pathogen Rhytisma acerinum (GQ253100).
Discussion
Over the past few decades, there has been controversy over whether DSS is a disease or simply an immune response of the coral to a particular stress. While some studies find no evidence of tissue mortality associated with this syndrome [28] , others have shown DSS lesions to progress at a rate of approximately 3-4 cm month 21 [5, 10] . Despite this controversy over potential tissue loss caused by DSS, all authors agree that DSS is persistent when it is detected and compromises the overall health of the coral. Time series images taken of corals showing signs of DSS by [10] showed that when tissue loss occurs large colonies fragment to smaller ramets. Moreover, tissues associated with DSS lesions have never been shown to recover; and areas of exposed skeleton are usually colonised by algae or boring sponges [5] . Therefore with this in mind we refer to DSS as a disease in the rest of the discussion.
Difference in bacterial and fungal communities between healthy and diseased tissues
There was a significant shift in the 16S rRNA gene bacterial diversity between healthy and diseased tissues. This shift was also noticed to occur in advance of the disease lesion interface within apparently healthy tissues, a result seen by an increasing number of studies [19, 29, 30] . Temporal changes of bacterial communities throughout coral disease progression are poorly understood as descriptions of these communities in most of the studies do not provide information about age of infection. In this study, there are significant differences in the dominant bacterial diversity between smaller lesions and those associated with the medium/large lesions; this difference may be due to the age of infection, a result previously seen in other coral diseases such as Black Band Disease (BBD) [31] . Using culture-independent techniques, [31] found shifts within cyanobacterial assemblages present in BBD samples. Bacteria such as Blennothrix sp. were found to dominate early BBD lesions, whilst Oscillatoria sp. was found to dominate older lesions [32] . In general the corals were dominated by Alphaproteobacteria in early stages of BBD which subsequently shifted to a community dominated by Gammaproteobacteria and Cyanobacteria in the latter stages of disease. Similarly, in this study we saw a reduction in Alphaproteobacteria dominance and an increase in Cyanobacteria and Gammaproteobacteria. Interestingly, we also saw an increase in the number of Actinobacteria in the larger disease lesions compared to both the healthy tissues and smaller lesion sizes. S. intersepta was shown to contain potentially pathogenic bacteria and fungi such as Vibrio harveyi and Aspergillus sidowii, in both healthy as well as diseased tissues, following patterns observed by numerous studies [19, 29, 30, 33] . [9] used culture dependent molecular techniques and showed that a bacterium closely related to V. carchariae was associated with three species of coral showing signs of DSS (Montastraea annularis, M. faveolata and Siderastrea siderea) and they reported that V. carchariae was not detected within healthy tissues of the same corals. However, inoculation experiments with this bacterium failed to reproduce the classical signs of the disease, suggesting that V. carchariae is not a causal agent of DSS in these corals and more likely a coloniser of the dead or dying tissues or the exposed bare calcium carbonate skeleton [19] . In this study, we employed two separate culture independent molecular screening techniques, which utilised two different sets of universal bacterial primers allowing us to better describe the 16S rRNA gene bacterial diversity of healthy and DSS affected corals. Although no BLAST hits matched any sequence related to V. carchariae in our samples, there were two other ribotypes related to two different Vibrio sp. These Vibrios, similar to the result found by [9] were present only in diseased tissues and absent in healthy samples, one of which was a 100% match to V. campbellii. However, it is likely that these two bacteria play similar roles to that of V. carchariae, and are not directly involved in the disease itself. Although further experiments would need to be conducted to confirm this such as inoculation tests to determine whether these bacteria are pathogenic to the corals. Fungal diversity was much lower than that observed for bacteria in all samples, with only five dominant ribotypes detected. Four of these were detected in all samples and show that fungi play a role in the natural coral holobiont. However, in contrast one specific ribotype (KC521543) was detected solely in diseased tissues, which was identical (100% BLAST match) to a newly identified strain of the plant pathogen known to cause tar spot disease in tree leaves (Fig. 1c) , Rhytisma acernium [34, 35] .
Potential pathogens associated with diseased lesions
Previous studies have shown that DSS causes cellular degradation, vacuolization and necrosis in affected tissues [13] . The presence of endolithc fungi has previously been shown in DSS in S. siderea, yet absent in healthy samples. These were accredited at the time to being morphologically as similar to Aspergillosis sydowii, the fungal pathogen thought to cause the purple discolouration and necrotic tissue loss in gorgonian sea fans [36] [37] [38] . In this study, although we looked at a different coral species Stephanocoenia intersepta, we show that although A. sydowii was detected in the samples, it was found in the same abundance in all tissue types both healthy and diseased, a result similar to that found recently within Gorgonia sp. [39] . In contrast, R. acernium (KC521543), was identified in this study to be present only in diseased corals showing signs of DSS and not in the healthy tissues. R. acernium in the terrestrial environment affects the chloroplasts of the leaves leaving them in a darkened pigmented state (re the name tar spot). As the corals Symbiodinium have been shown to be directly affected by DSS in other coral species, R. acernium (KC521543) may be having a similar effect on the corals symbiotic algae as it does on terrestrial plants chloroplasts. However this needs further investigation.
With regard to bacteria, we showed an increase in two main classes (Cyanobacteria and Actinobacteria) within all disease lesion sizes. The Cyanobacteria were dominated by an Oscillatoria sp., the same genus of which has been implicated as a causal factor of another wide-spread coral disease, Black Band Disease, [25] . Oscillatoria have been shown to cause the dark black band associated with BBD, however in this study although in lower abundance we did detect the bacterium in one sample of the healthy tissues. Therefore, although Oscillatoria may contribute to the dark pigmentation it is unlikely to be a specific bacterial pathogen causing DSS. Similarly, Actinobateria were found to be significantly more abundant within the lesions in this study, yet have been previously shown to be present in healthy and diseased corals in other studies [40] [41] [42] . Interestingly, many Actionbacteria have been shown in terrestrial environments to be capable of degrading plant tissues [43] and therefore might have some role in the degradation of the symbiotic algae in DSS, although their presence in healthy corals suggests this is unlikely. Furthermore, Actinobacteria studied in other systems have been shown to have significant anti-fungal capabilities [44, 45] , therefore an alternate hypothesis to this increase in Actinobacteria in diseased lesions might be that they are acting as a defensive response for the coral, potentially fighting off the fungal pathogen, R. acernium (KC521543).
In conclusion, we highlight numerous potential pathogens likely involved in the disease in some respect including some bacterial pathogens (Corynebacterium sp., Acinetobacter sp., Parvularculaceae sp., Oscillatoria sp. and two Vibrio sp.) and one fungal ribotype (Rhytisma acernium -KC521543). Similarly to that shown previously for BBD, we show that bacterial communities vary with size of lesion and is therefore likely related to age of infection. Interestingly, [46] suggest that White Plague (WP) and DSS might be the same disease, representing even further stages of progression than studied here. If this is the case monitoring of colonies infected with small lesions over time and sampling continuously will allow for further microbial analysis to be conducted addressing any further shifts in the microbial communities associated with DSS and potentially WP. Regardless of if these diseases are the same or not, the results from this study, in combination with evidence from previous studies on this disease, has led us to hypothesis that a novel marine strain of the fungal pathogen, R. acernium (KC521543), is a more likely causal agent of DSS than the potential bacterial pathogens detected in this study. The similarities of DSS to the terrestrial plant disease tar spot are striking and warrant immediate further studies aimed to fulfil Kochs postulates.
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